Ubiquinone is the universal mobile charge carrier involved in biological electron transfer processes. Its redox properties and biological function depend on the molecular partition and lateral diffusion over biological membranes. However, ubiquinone localization and dynamics within lipid bilayers are long debated and still uncertain. Here we present molecular dynamics simulations of several ubiquinone homologs with variable isoprenoid tail lengths complexed to phosphatidylcholine bilayers. Initially, a new force-field parametrization for ubiquinone is derived from and compared to high level quantum chemical data. Free energy profiles for ubiquinone insertion in the lipid bilayer are obtained with the new force-field. The profiles allow for the determination of the equilibrium location of ubiquinone in the membrane as well as for the validation of the simulation model by direct comparison with experimental partition coefficients. A detailed analysis of structural properties and interactions shows that the ubiquinone polar head group is localized at the water-bilayer interface at the same depth of the lipid glycerol groups and oriented normal to the membrane plane. Both the localization and orientation of ubiquinone head groups do not change significantly when increasing the number of isoprenoid units. The isoprenoid tail is extended and packed with the lipid acyl chains. For ubiquinones with long tails, the terminal isoprenoid units have high flexibility. Calculated ubiquinone diffusion coefficients are similar to that found for the phosphatidylcholine lipid. These results may have further implications for the mechanisms of ubiquinone transport and binding to respiratory and photosynthetic protein complexes.
Introduction
Ubiquinone or coenzyme-Q was described over five decades ago as a central molecule in cellular respiration and photosynthesis [1, 2] . It is the ubiquitous mobile charge carrier linking distant redox centers in biological electron transfer chains. Ubiquinone receives electrons from NADH:ubiquinone reductase (respiratory complex I), succinate:ubiquinone reductase (complex II) in bacteria or mitochondria and reaction centers in purple and cyanobacteria. Cytochrome bc 1 (complex III) and the related cytochrome bf 6 then oxidize ubiquinol, the reduced counterpart of ubiquinone, to continue the electron transfer chain. Biological membranes harboring the proteins involved in bio-energetical processes contain a pool of ubiquinone and ubiquinol molecules which is responsible for 95% of the energy transduction in aerobic organisms [3] [4] [5] .
Ubiquinone is an amphipathic molecule formed by a modified benzoquinone polar head and a lipid tail composed of 6 to 10 isoprenoid units in biologically relevant homologs [6, 3] . The quinone head may be reduced by up to two electrons and receive two protons, passing through a semi-quinone intermediate up to the quinol form. Ubiquinone redox properties and biological function as charge carriers will depend on its partition and diffusion over biological membranes. But, despite much experimental progress obtained during the last decades, the localization and orientation of ubiquinones in biological membranes are still under heavy debate [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
It has been proposed that the polar head of ubiquinones with more than 3 isoprenoid units are fully embedded in the membrane core and oriented parallel to the interfacial plane, lying in the bilayer midplane space [6] [7] [8] [9] [10] . Other authors have suggested that the quinone head is located close to the phospholipid polar groups and oriented parallel to its hydrocarbon tails, with the isoprenoid chain spanning the membrane [11] [12] [13] [14] [15] . Other proposals include the formation of ubiquinone aggregates or the partition between separate pools inside the lipid bilayer [14, 16] .
There is also a lack of consensus on the dynamical properties of ubiquinone embedded in lipid bilayers [17] [18] [19] [20] [21] as diffusion constants experimentally determined range from 10 −9 up to 10 −6 cm 2 s −1
. This high variation is due to the application of various measurement techniques [22, 19] and to the usage of probes (fluorescent, spin labels, etc.) attached to ubiquinone which will alter its intrinsic diffusion properties. Nevertheless, it has been suggested that ubiquinone diffusion between respiratory complexes is the rate limiting step in the whole mitochondrial electron transfer chain [17] .
Computer simulations can give detailed information on the partition, orientation and mobility of solutes embedded in lipid bilayers [23] [24] [25] . The accuracy and precision of the results obtained in a simulation will depend both on the energy description -the molecular mechanics (MM) force-field -and on appropriate sampling of the relevant degrees of freedom. Although there are a few simulation studies focusing on ubiquinone properties when bound to proteins [26] [27] [28] [29] , to our knowledge there is only one simulation study of ubiquinone complexed to a lipid bilayer [22, 30] . Unfortunately, this study reports a very short simulation time (less than 20 ns in aggregate) which is not enough to reach equilibration and proper sampling.
Here we apply long molecular dynamics (MD) simulations and free energy calculations to investigate the properties of several ubiquinone homologs bound to model lipid bilayers. Although ubiquinone force-fields were previously available [26, 28] , we have tested their performance both in comparison to quantum chemical reference properties and to experimental data and judged necessary to build a new parametrization for ubiquinone compatible with the CHARMM force-field [31, 32] . This energy function has been carefully validated for a series of lipids [33] , including 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) which was used here to build a model bilayer. We find that the polarity and flexibility of isoprenoid units should be carefully calibrated in order to obtain an accurate description for ubiquinone partition in membranes. The insertion process is simulated with enhanced sampling of several degrees of freedom that may be relevant to the interaction of ubiquinone with the bilayer. After validation of the simulations by comparison to available experimental measurements, we present a detailed analysis of the simulation results providing interesting points for the ubiquinone localization, interactions and lateral mobility when embedded in a POPC bilayer.
Materials & methods

Reference set and force-field parameterization strategy
A detailed parametrization for ubiquinone was performed here in accordance with the CHARMM force-field [31, 32] . Details are given below for the ab initio electronic structure calculations used to build the training and test sets, and for the fitting strategy used to adjust the parameters. Ubiquinone-1 (UQ1 or UQn, for n isoprenoid units), ubiquinol-1 (UQ1H2) and 3-methyl-3-hexene (isoprene or ISP) were used here as molecular fragments for the force-field parametrization. Please refer to Fig. 1 for atom naming used throughout the text. An equivalent naming scheme is used for ketonic ubiquinone. Isoprene was used to adjust parameters for the isoprenoid tail, whereas UQ1 and UQ1H2 were used for the quinone head.
A reference set of ubiquinone interaction energies, bond torsion potentials and molecular dipoles was built from quantum chemical (QC) calculations and used as targets for the force-field parametrization. QC calculations were conducted with GAUSSIAN 09 (Rev. A01) [34] for molecules and complexes in the gas phase. All geometry optimizations were performed with the B3LYP functional [35] and the 6-31+G** basis set [36] . All single-point energies and quantum mechanical dipole moments used in the reference set were calculated at the MP2/6-311+G(2df,2p) level [37] .
Hydrogen-bonded ubiquinone-water complexes were used to model solvent interactions. Three different orientations were used for ubiquinone with oxygens O4, O1 and O3 (equivalent to O2) accepting the water hydrogen and two orientations were used with oxygen in ubiquinol (O4 and O1) donating a hydrogen to water. Hydrophobic contacts were modeled by complexes between UQ1 and methane and a ISP dimer. Interaction energies (E i in Eq. (1)) were computed with a counterpoise scheme to correct for the basis-set superposition error [38] . The distance and orientation of all complexes were optimized whereas internal coordinates of each molecule were kept frozen at their isolated geometry. Water internal coordinates were kept frozen at the TIP3P [39] equilibrium geometry. Please refer to the Results (Fig. 2) and Supporting Information (SI, Fig. S1 ) for the relative orientation of the dimer complexes.
Torsions around bonds O2-C2, C6-C7 in UQ1, O1-C1, O2-C2, O4-C4 in UQ1H2, and C7-C8 and C9-C11 in ISP were evaluated (Figs. 3 and S2). Torsion potentials (E t in Eq. (1)) were scanned in 15°or 30°angle increments by partial geometry optimizations with fixed bond lengths but flexible angle and dihedrals to avoid clashes and obtain torsional profiles representative of configurations visited at normal thermal energies. Torsions were further divided into polar (tp) and non-polar (tnp). Torsion rotamers were selected for the calculation of molecular dipoles (D in Eq. (1)).
The following error function was minimized by adjusting the forcefield parameters:
where w are the weights assigned to each property, N int = 5 is the number of interaction pair complexes (3 hydrogen-bonded and 2 hydrophobic), and N tp = 3 and N tnp = 4 are the number of polar and non-polar bond torsions included in the training set. N sp geometries were used for each property: N sp int = 3, including the minima and two adjacent points along the interaction profile; N sp tp and N sp tnp were either 6 or 12, depending on the angle increments, and N sp D = 2, 4 and 4 conformations respectively for UQ1, UQ1H2 and ISP. Superscripts MM and QC indicate the calculation method. In order to obtain parameters for ubiquinone compatible with the CHARMM force-field, atom types were assigned by chemical analogy with previously parametrized molecules (Table S1 ). Bond and valence angle parameters were kept from the standard CHARMM values. Improper dihedrals were not included in aromatic rings or unsaturated bonds as they were not necessary to maintain planarity. Root mean square deviations of Cartesian coordinates are smaller than 0.01 nm for UQ1 geometries optimized with the force-field parametrized here in comparison to geometries optimized with the reference QC method. Partial charges were adjusted for atoms C2/C3, O2/O3, CM2/CM3, CM5, C6, ketonic groups of UQ1 (C1/C4 and O1/O4) or phenolic groups of UQ1H2 (C1/C4, O1/O4 and H1/H4), and for isoprene C9, C10 and C11 (Fig. 1) . Groups with neutral total charge were defined among the following bound atom sets: (C2, O2, CM2, HM2) and the equivalent  CM3 methoxide group, (C6, C5, CM5, HM5), (C9, C10, H10, C11, H11) , (C1, O1) and (C4, O4) in quinones and (C1, O1, H1) and (C4, O4, H4) in quinols. Charges for atoms in the aromatic ring and its substituents were made symmetric. Charges for isoprenoid tails longer than found in UQ1 were adapted accordingly. Partial charges for all other atom types such as aliphatic hydrogens were kept in their standard CHARMM values.
Bond torsions were fitted by altering the number of expansion terms of order n, their phase δ and force constant K ϕ (Table S3) in the corresponding Fourier dihedral terms [31] . For ISP, torsions around bonds C7-C8 and C9-C11 were adjusted. For UQ1, polar torsion C2-O2 (and the equivalent C3-O3)and non-polar torsions C6-C7 and C7-C8 and for UQ1H2 polar torsions C1-O1 and C4-O4 were optimized.
Partial charges were optimized first by setting w i = 1, w D = 1, w tp = 0.04 and w tnp = 0 and minimizing Eq. (1). Then, dihedral parameters were optimized by setting w i = 1, w D = 0, w tp = 0.01-1.0 and w tnp = 1. After these two optimization cycles, torsions around bonds C6-C7 and C2-O2 (and the equivalent C3-O3) were still not described satisfactorily. Then, the R min Lennard-Jones parameter for atoms C8, CM5, O2, O3, CM2 and CM3 were slightly changed by evaluating only the error of these three torsions. A final optimization cycle was performed by including the full training set and varying all partial charges and dihedral parameters at the same time.
All MM energies and properties used in the force-field parametrization were obtained using GROMACS package version 4.6.1 [40] . For the parameter optimization, a combination of genetic algorithm and simplex was used as described before [41] . See Tables S1, S2 and S3 for the final optimized parameter values. GROMACS compatible topologies are available upon request from the authors.
System setup and molecular dynamics simulations
The force-field obtained was tested by molecular dynamics simulations and free energy calculations. All MD simulations reported here were carried out with GROMACS package version 4.6.7 [40] . Lipid parameters were taken from the CHARMM36 force-field [33] and water was described by TIP3P [39] . The NPT ensemble was used and temperature kept at 310 K with the Bussi thermostat [42] and a coupling constant of 0.1 ps with two separate coupling groups (water and everything else). Pressure was kept at 1.0 bar with the Berendsen barostat [43] with a coupling constant of 1 ps and a compressibility of 1.0 · 10 − 5 bar −1 for the unrestrained simulations and of 0.5 · 10 −5 bar −1 for the restrained free energy simulations. Semiisotropic coupling in the direction normal to the bilayer was applied in the lipid simulations. Electrostatic interactions were handled by the particle mesh Ewald method [44] with a real space cutoff of 1.0 nm, grid spacing of 0.13 nm and quartic interpolation. All bonds were constrained using the LINCS algorithm [45] and van der Waals interactions were truncated at 1.0 nm. No dispersion corrections were applied in order to avoid artifacts in mean area per lipid and bilayer thickness [46] . The integration time step was set to 2 fs and the nonbonded list was updated every 20 fs. Symmetric lipid bilayers containing different numbers of POPC and water molecules were built: 128 lipids and~7900 water molecules (large system, LS), 72 lipids and~6100 water molecules (medium system, MS) and 50 lipids and~3300 water molecules (small system, SS). NaCl was added up to a final concentration of 0.150 M. After energy minimization using the conjugate gradient algorithm, an equilibration MD was run for 30 ns for the SS and up to 200 ns for the LS, resulting in a mean area per molecule of 0.63, 0.61 and 0.62 nm 2 respectively for the small, medium and large systems. This is in reasonable agreement with the experimental value of 0.68 nm 2 [47] . The calculated bilayer thickness was 3.9 nm in all systems which is near the experimental value of 3.7 nm [47] . Mean area was computed as the ratio between the area of the membrane plane and the number of lipids per leaflet. Membrane thickness was calculated as the distance between the peaks of the lipid headgroup electron density.
Ubiquinone was inserted in the membranes using two different protocols: For the insertion of UQ1 in the LS bilayer, a pulling from the water phase towards the membrane center of mass (COM) was conducted in the membrane normal direction with the pull code in GROMACS and a rate of 4.10 −5 nm ps
. For all other insertions, the protocol described by Javanainen was used [48] . In short, ubiquinone was placed at the membrane edge using a visualization tool, the box dimensions were increased accordingly, water and lipids were restrained in the membrane normal direction to avoid escaping to the empty space generated, and a 5 ns MD simulation was run with an anisotropic barostat and a reference pressure of 1000 bar in the direction which ubiquinone was placed. After ubiquinone was immersed into the membrane, the system was relaxed by removing all restrains and the pressure reversed back to semi-isotropic and 1.0 bar in another 30 ns MD run. The mean area and bilayer thickness were monitored to check for equilibration.
Ubiquinone concentration in percentage per mole was 0.8% in LS, 1.4% in MS and 2.0% in SS membranes. This is similar to previous ubiquinone simulations [22] and to the physiological concentration range of 1-3% [8] .
Unconstrained MD simulations were performed for the embedded ubiquinones using the last frame from the umbrella sampling window with minimum free energy (see below). Trajectories with 200 ns were collected for UQ1, UQ1H2 and UQ2 and trajectories with 400 ns were collected for UQ6 and UQ10. Two simulations starting from different isoprenoid tail conformations (folded and fully extended) were performed for UQ10 with the quinone head positioned near the minimum free energy configuration found for the other ubiquinones. All properties calculated from these two simulations are equivalent and, hence, independent of the tail starting conformation.
Diffusion coefficients were calculated from the linear phase of the mean squared displacements with dimensionality set to 2, as only lateral diffusion along the membrane plane was processed [49] . The orientation of the ubiquinone head was calculated from the angle formed between the quinone ring plane (defined by atoms C1, C3 and C5) and the bilayer midplane. Flexibility and extension of the isoprenoid tail were evaluated from the distance between the last carbon of the tail (CT) and both the quinone head COM and the bilayer midplane. Contacts between ubiquinone atoms and different groups in POPC were defined with a 0.3 nm cut-off. Order parameters S CD for lipid methylene units were calculated using the program LOOS [50] .
Free energy calculations
Umbrella sampling (US) [51] and bias-exchange metadynamics (BEMD) [52] were used to compute the free energy profile for ubiquinone insertion into the model bilayers. The distance between the ubiquinone head COM and the membrane COM along its normal z-axis was used as the insertion reaction coordinate.
Initial configurations for each US window were extracted from a non-equilibrium trajectory generated with an extra pulling force acting over ubiquinone along the z-axis in the range [0,5] nm for the POPC bilayer (Section 2.2). The pulling spring constant was 300 kJ mol Simulations run for 60 ns in each US window with a total aggregate time of 5.5 μs for all US simulations. The reaction coordinate was recorded each 200 fs. Potentials of mean-force (PMF) were calculated from the reaction coordinate occurrence using the weighted histogram analysis method [53] . The PMFs shown were obtained from 30 ns of equilibration and 30 ns of accumulation in each window. PMF uncertainties were estimated by bootstrap analysis using the Bayesian method [54] . It should be noted that ubiquinone insertion in the US simulations was carried out over only one bilayer leaflet (z-axis N 0). The bias-exchange metadynamics method [52] was applied to enhance sampling along degrees of freedom orthogonal to the insertion reaction coordinate. BEMD is an extension of metadynamics [55] for replica exchange in a collective variable (CV) space. The PLUMED plug-in version 2.1 [56] was used for these simulations.
The following CVs were chosen besides the z-axis coordinate: C6-C7 bond torsion which was identified with a high torsional barrier (Fig. 3) ; the angle formed between ubiquinone atoms C1and C4 and the COM of the membrane (θ UQ ). Following a recent publication that studied the insertion of ethanol in a model bilayer with BEMD simulations [24] , coordination numbers N between ubiquinone and membrane lipid tails or water molecules were also included as CVs. These contacts were calculated with the soft function:
where r ij is the distance between atoms i and j and the sums run over two sets of atoms (g 1 and g 2 ). Values of r 0 = 0.3 nm, m = 12, and n = 6 were adopted. Four contact number CVs (N g1-g2 ) were defined by the combination of g 1 = {H,I} and g 2 = {A,W}, where H indicates the set of ubiquinone head atoms, I is the set of isoprenoid tail atoms, A is the set of lipid acyl chain carbon atoms and W is the set of water oxygen atoms. For UQ1, UQ1H2 and UQ2, BEMD simulations were performed for 120 ns with the 7 CVs defined in the previous paragraph and an extra replica without metadynamics boost. For UQ0, two BEMD simulations were performed with a different combination of CVs. One simulation was performed for 160 ns with 4 CVs: z-axis, θ UQ , N H-A and N H-W , and another was done for 120 ns with 4 CVs: z-axis, z-axis with a slower gaussian function deposition, and torsions around C2-O2 and C3-O3 bonds. All BEMD simulations were performed in SS bilayers (Section 2.2). For UQ1, a BEMD simulation was repeated with the MS bilayer. The gaussian height for all CVs was set to 0.5 kJ mol −1 and gaussian widths were set to 4 nm for the coordination number CVs and to 0.2 nm for all other CVs. The frequency of gaussian deposition was set to 4 ps for the z-axis CV, 10 ps for the coordination number CVs and 20 ps for all other CVs (including the z-axis with slower deposition). Exchanges were attempted randomly among replicas every 20 ps. PMFs were obtained from the BEMD simulations by averaging N BE profiles generated at different accumulation times from the history dependent potential of the sum of gaussian functions deposited for a given CV [57, 58] . Typically, 10 to 12 profiles were generated, the first 2 or 3 with the shortest accumulation times were discarded and N BE~8 -10 profiles were averaged. For total simulation times longer than about 80 ns, the system could freely diffuse along the enhanced CV. Uncertainties were estimated from the standard deviation of the mean [57] .
Standard binding free energies between ubiquinone and the lipid membrane, ΔG b ∘ , were determined by trapezoidal integration of the PMF profiles according to [59] : tained from US, the bound region was set to z b 2.6 nm, 2.9 nm and 4.0 nm for UQ1, UQ2 and UQ6, respectively. These boundaries correspond to the z value where the PMF(z) reached a plateau. The unbound region was set such that the same integration volume was used, resulting in the calculation of a standard free energy. Uncertainties were propagated from the PMFs following standard formulas [60] .
Results & discussion
Performance of the new CHARMM compatible parametrization
As described in Section (2.1), partial charges, Lennard-Jones parameters (R min ) and dihedral force constants of a CHARMM compatible force-field were adjusted in order to reproduce high-level QC data for bond torsion potentials, molecular dipoles and interaction energies of fragment molecules ubiquinone-1, ubiquinol-1 and isoprene isolated and in complex with water or apolar molecules.
The description of molecular and energetic properties was greatly improved with the force-field parametrized here, both qualitatively for the shape of bond torsion potentials or the description of hydrogen-bonded complexes, as well as quantitatively for the relative stability between rotamers or complexation energies. In particular, it was noted that the molecular dipole of the apolar isoprene molecule (ISP) was incorrectly described by up to 2 Debye using the previously available CHARMM compatible force-fields (Table S4) [26, 28] . This was corrected in the current parametrization which leads to significant improvements on the bilayer partition free energy of ubiquinones.
A few examples are noted below to illustrate the performance of the available force-fields in comparison to high-level QC calculations. Please refer to SI (Figs. S1 and S2) for a complete set of results for interaction and torsion profiles used for training and testing the force-fields. This analysis may help to identify flaws in the potential energy description and suggest internal degrees of freedom which should be sampled carefully in condensed-phase simulations.
For the interaction energy profiles used in the parametrization training set (Figs. 2A and S1), deviations of the ubiquinone force-field obtained here from the QC reference are always smaller than 5 kJ/mol near minima and over longer separation distances. Differences are at most 10 kJ/mol for interaction energy profiles used only for testing such as the one in Fig. 2B . Other force-field parametrizations [28, 26] show much higher deviations and even qualitatively wrong descriptions such as in a hydrogen bond between water and the quinol hydrogen (Fig. 2B) .
The shapes of the potential energy profile and relative energies between minima are well described by the force-field obtained here for ubiquinone bond torsions either included or not in the parametrization (Figs. 3 and S2) . Deviations smaller than 10 kJ/mol are observed near energy barriers. On the other hand, previously available MM parametrizations result in torsions with incorrect shapes (e.g., in Fig. 3A ) and in high deviations near energy barriers (Fig. 3B and C) .
Torsions in the isoprenoid tail around bond C(4 + 5i)-C(6 + 5i) in the i-th isoprenoid unit were also improved (Fig. 3A) leading to a more accurate description of ubiquinone homologs with long isoprenoid tails. The torsion around the C6-C7 bond was particularly challenging to be described with the available force-fields (Fig. 3B) . During the parametrization of the dihedral force constants, it was noted that the barriers along this bond torsion could not be adjusted due to too high repulsion interactions between atoms C8 and CM5 and their respective hydrogens. Thus, Lennard-Jones parameters for both carbon atoms were changed and a significant improvement (~20 kJ/mol) was obtained. Nevertheless, the force-field parametrized here is still unable to describe the barrier near dihedral angle~270°with an accuracy better than 15 kJ/mol. In fact, this is the highest deviation observed over all potential energy comparisons done here. Because the C6-C7 bond torsion contributes significantly for the ubiquinone flexibility as it connects the quinone head with the isoprenoid tail, sampling along this torsion was carefully monitored in the insertion free energy calculations.
Methoxide group torsion around bond C2-O2 (or C3-O3) also shows high barriers when described with previous parametrizations (see Fig. 3C for UQ1H2 and Fig. S2 for UQ1) . The barrier deviations were also due to too high repulsion interaction between CM2 (or CM3) and O1 (or O4) and were again corrected with changes in the Lennard-Jones R min parameter. The deviations were greatly improved with the force-field parametrization presented here.
Free energy profiles for partition into the membrane
Potentials of mean-force (PMFs) for the insertion of various ubiquinone homologs into model POPC bilayers were calculated in order to check the accuracy of the parametrized force-fields and to determine the equilibrium ubiquinone localization along the membrane normal. Umbrella sampling and bias-exchange metadynamics were used to enhance sampling over the membrane insertion coordinate (z-axis defined above) and along orthogonal collective coordinates in the case of BEMD. In this section, we describe the PMFs and derived free energy quantities (ΔG b ∘ ). Details of the ubiquinone localization and contacts within the bilayer are left to Section 3.3 below. Fig. 4 shows that the general shape and minima of the PMF obtained by US change little for the three ubiquinones tested. One isoprenoid unit is enough to partition ubiquinone UQ1 into the bilayer and, as expected, increasing the number of isoprenoid units enhances hydrophobicity and consequently membrane affinity. But, the z-axis position of the PMF minima is rather constant (1.68 nm for UQ1 to 1.55 nm for UQ6). These minima correspond to the preferential localization of the ubiquinone head in the membrane and have been observed in the same z-axis range for the insertion of other amphiphile molecules [23] . Thus, previous proposals of the ubiquinone head localization in the middle of the bilayer are not plausible [6] [7] [8] [9] [10] 22] .
The translocation of ubiquinone from one bilayer leaflet to the other will depend on the free energy barrier separating the membrane center and the minima in the PMF. The barrier decreases from 62 ± 2 kJ mol − 1 for UQ1, to 47 ± 2 kJ mol − 1 for UQ2 and to 40 ± 2 kJ mol − 1 for UQ6. This is again in line with the higher hydrophobicity of ubiquinones with longer tails and suggests that an approximate barrier of~40 kJ mol − 1 should be observed for the "flip-flop" of natural ubiquinones with long isoprenoid tails (UQ6-UQ10). Thus, the translocation of ubiquinone is a rare event and will not be observed faster than the micro-to milli-second time scale. This is in agreement with the flip-flop rate estimated from NMR measurements [11] . There is no significant barrier in the PMFs for the watermembrane insertion process, as also observed for the insertion of small polar and charged molecules [61, 62, 24] or large amphiphiles [23] , suggesting that ubiquinone insertion will be diffusion-controlled. It should be noted that the lack of an insertion barrier may also be due to incomplete sampling for the ubiquinones with longer isoprenoid tails. Although we expect to have obtained converged PMFs for UQ1 and UQ2 (see discussion below), the same cannot be said for UQ6 which has a longer tail and would require longer simulation times for convergence. It has been recently noted that the calculation of PMFs in the membrane-water interface region for the insertion of amphiphiles with long hydrophobic tails can be problematic [23] . Although errors in this region of the PMFs result in incorrect calculated binding free energies, they do not effect significantly the z-axis location of PMF minima nor the translocation barrier which should be well described by the PMFs shown in Fig. 4 even for UQ6 . Thus, our discussion in the previous paragraph is accurate, but the value estimated below for the free energy of binding of UQ6 (Table 1) should only be considered qualitatively.
It has been noted [63, 61, 62, 23] that the solvation substitution occurring in membrane-water interfaces is often the process with the slowest relaxation to be described during the simulation of solute insertion into lipid bilayers. In accordance, we have noticed a sudden change in the hydration number of the ubiquinone tail for homologs with two or more isoprenoid units in US windows located at the membrane-water interface. For UQ2, it was observed at z~2.8 nm (Fig. S3) , corresponding to simulation windows where the isoprenoid tail does not transition between water and bilayer and stays in only one of these phases during all accumulation time. This sudden change may also be causing the small flat region observed at similar z coordinate on the calculated PMF for UQ2 (Fig. 4) [23] .
To enhance sampling along slow degrees of freedom such as the number of contacts of ubiquinone with water and with the lipid we have employed BEMD simulations. Internal bond torsions of the inserted molecule can also difficult sampling [25] . Thus, we have enhanced sampling over ubiquinone tail C6 − C7 which was identified with large energy barrier (Fig. 3) . PMFs shown in Fig. 5 were obtained from the BEMD simulations for insertion over the two bilayer leaflets. The PMF shape is more rugged than the US PMFs as a result of the gaussian deposition scheme that enhances sampling along the membrane normal z-axis [24] . Nevertheless, for UQ1 and UQ2 the position of the PMF minima (~1.65 nm in modulo) and the translocation energy barrier (55 ± 10 kJ mol − 1 for UQ1 and 47 ± 10 kJ mol − 1 for UQ2) are equivalent to those observed in the US PMFs. It should be noted that uncertainties reported for free energies obtained by BEMD are higher than those reported for US due to higher standard deviations obtained in the averaging procedure used to calculate the PMFs from BEMD (see Materials & methods). This scheme is formally different and more likely to accumulate statistical errors than the bootstrap analysis used to estimate the uncertainties of PMFs from US.
The minima observed in the PMF for UQ0 insertion were not pronounced in either the simulation shown in Fig. 5 or in a simulation with enhanced sampling for C2-O2 and C3-O3 bond torsions (data not shown) suggesting that our UQ0 model gives a very low affinity for the membrane. Ubiquinol UQ1H2 insertion PMF and localization in the membrane are similar to the other quinone homologs. This is in agreement with their comparable experimental reactivity [64] and free energy of binding ( Table 1) .
The accuracy of the PMFs simulated here for ubiquinone insertion into a POPC bilayer can be accessed by comparisons of the calculated free energy of binding (ΔG b ∘ , Eq. (2)) with free energies derived from experimental partition coefficients as shown in Table 1 . It should be noted that the available experimental data were obtained in conditions and system composition which are different from those simulated here. For instance, the partition coefficient reported for UQ0 was obtained in a water-octanol mixture [65] . For the other ubiquinones, partition coefficients were obtained in bovine heart submitochondrial particles with a mixed lipid composition [66] , or in sonicated asolectin vesicles mainly composed by phosphatidylcholine [67] . Thus, part of the divergence between experimental and simulated values may be attributed to differences in the model composition. The highest differences from experiment in the binding free energy calculations are observed for UQ1 and UQ1H2 in Table 1 . For the quinone, the calculated ΔG b ∘ suggests an affinity of 6-12 kJ mol
lower than the experimental values. For the quinol, an affinity of 8 kJ mol −1 higher than experiment is found. These differences may be due to unbalanced interactions of the quinone (or quinol) head with the lipid polar group. Values calculated for UQ0 and UQ2 are almost equivalent to the experimental measurements. No experimental value for UQ6 partition coefficient is available, but the binding free energy for biological ubiquinones was estimated to be more negative than −60 kJ mol −1 [66] . As noted above, we do not expect to have a quantitative value for UQ6 binding free energy. Thus, given the statistical uncertainty in the simulations, the composition differences between −81 ± 1 a Experimental free energies were obtained from partition coefficients measured for bovine heart submitochondrial particles [66] , asolectin vesicles [18, 67] and water-octanol [65] mixtures assuming a temperature of 310 K. Values calculated in POPC bilayers were obtained from US and BEMD simulations employing the force-field parametrized here. Uncertainties were propagated from the corresponding PMFs. the simulated models and experimental setups, and the variations of measured values, we conclude that our force-field yields PMFs and derived free energy quantities in good agreement with experimental observations. The agreement of ΔG b ∘ calculated for UQ1 and UQ2 between US and BEMD methods also suggests a good accuracy for the calculated PMFs. These two methods estimate free energies using different assumptions and the simulations were carried out independently in different bilayer preparations (LS for US and SS for BEMD). The influence of the bilayer size on the binding free energy calculated here from the BEMD simulation should be negligible. For instance, ΔG b ∘ = − 10 ± 3 kJ mol −1 for UQ1 insertion in the MS bilayer is equivalent to the value calculated for the SS bilayer (Table 1) . On the other hand, the force-field description changes the calculated biding free energy considerably. For the insertion of UQ1 in the LS membrane using US and the force-field proposed by Kaszuba et al. [28] , the calculated ΔG b ∘ = 1 ± 1 kJ mol −1 is 18 kJ mol −1 higher than the experimental value. Such high hydrophilicity of the Kaszuba et al. potential can be attributed to the incorrect high polarity of the isoprenoid tail observed with their charge parametrization (Table S4) . This artifact will be more pronounced for ubiquinones with longer isoprenoid tails as the total dipole for the longer tails will be a vector sum of the contributions of each isoprenoid unit. ). Besides essential sampling over the bilayer insertion coordinate (zaxis), we identify that enhanced sampling over the coordination numbers between water or lipid molecules and the ubiquinone head and tail (N g1-g2 in Eq. (1)) are the most important ones in order to describe the slow relaxation of the solvation substitution process in the membrane interface. Thus, convergence of calculated PMFs in BEMD simulations can be significantly accelerated for ubiquinones with longer isoprenoid tails by enhanced sampling of the coordination between water and tail. Enhanced sampling of ubiquinone orientation and internal degrees of freedom are less important. For instance, a BEMD simulation with enhanced sampling of methoxide bonds (C2-O2 and C3-O3) resulted in a ΔG b ∘ = 1 ± 1 kJ mol −1 for UQ0 which is equivalent to the binding free energy calculated for UQ0 without such enhancement (Table 1) . Rotations through these methoxide bonds as well as in quinol hydroxide bonds (H1-O1 and H4-O4) are observed over the simulation time of the US and BEMD simulations (Fig. S5) . It should be noted that rotations over C6-C7 bonds were not observed during the accumulation time of the US windows, but were observed on the longer free MD simulations (see Section 3.3 and the discussion of Fig. 8 ). However, increasing the sampling of this C6-C7 bond as done in the BEMD simulations does not lead to significant differences in the calculated PMF and derived quantities.
Ubiquinone-membrane structure and interactions
Ubiquinone insertion induced a structural perturbation in the bilayer when the ubiquinone polar head group is located near the membrane midplane (ubiquinone head COM with z b 0.6 nm) as shown in Fig. 6 . This protrusion has a "funnel"-like shape and corresponds to both lipid head groups and water molecules dragged towards the membrane center. The number of contacts with water also reports the significant hydration of the ubiquinone head when partitioned inside the membrane (Fig. S3) . The opposite effect when ubiquinone desorbs from the bilayer was not observed [61] , suggesting that the solvation substitution in the bilayer interface is more favorable than membrane deformation.
Results presented over the remaining of this and the next sections (Figs. 7-12) were obtained from unconstrained MDs started from the last frame of the 60 ns US window with lowest free energy value in the respective PMF. This should correspond to the equilibrium configuration of ubiquinone embedded in the bilayer. Isoprenoid tails should be well equilibrated as restrictions in US were included only in the ubiquinone head. The last 180 ns for UQ1-UQ2 and the last 360 ns for UQ6 and UQ10 of the unconstrained MD trajectories are used for analysis. Fig. 7 . Ubiquinone localization in the bilayer obtained from unconstrained MD simulations. The distance between ring COM and the last carbon (CT) of ubiquinone isoprenoid tail (panel A), the distance between CT and the membrane COM (B) and the angle between ubiquinone head plane and the membrane midplane (C) for UQ1 (red), UQ2 (green) and UQ6 (blue) are shown. UQ2 curve is not shown in panel C as it is equivalent to UQ1 and would difficult its visualization.
Considerable effort has been made towards describing ubiquinone localization in lipid bilayers. The two main proposals in the literature suggest that ubiquinone head lies in the bilayer midplane, oriented parallel to membrane plane [6] [7] [8] [9] [10] or that the head group is localized near the water-bilayer interface close to the glycerol average position [12] [13] [14] [15] . Our results strongly support the second model as the minima observed in all PMFs calculated here corresponds to z ≈ 1.6 nm. The z insertion coordinate is equivalent to the distance between the membrane midplane and the COM of the ubiquinone head. Thus, contrary to previous suggestions [16] , the localization of the ubiquinone head does not change significantly with the length of the isoprenoid tail.
It is remarkable that the average positions of ubiquinone ring in cytochrome bc 1 (complex III) for both the Q o and Q i redox sites are observed around the same z-axis values (±1.6 nm) [68, 69] . The entrance of the narrow ubiquinone chamber in NADH:ubiquinone reductase (complex I) is also located near the membrane interface at an approximately similar z-axis value [70] . Thus, the equilibrium location of ubiquinones in a bilayer matches the position of protein binding sites in respiratory complexes, probably facilitating the binding mechanism and increasing the rate of protein binding and unbinding.
The sharp monotonic distribution of the distance between the last isoprenoid carbon (CT) and the COM of the ubiquinone head shown in Fig. 7A for UQ1 and UQ2 suggests a reduced internal flexibility for the tails of ubiquinones with few isoprenoid units. The UQ6 tail, however, has high internal conformational flexibility and a broad distribution centered at 2 nm. A similar broad distribution is observed for the UQ10 terminal isoprenoid carbon (data not shown). The UQ6 tail distribution is altered when ubiquinone is moved inside the membrane (Fig. S4) suggesting that a tail rearrangement is observed during the ubiquinone flip-flop pathway. Fig. 7B shows the localization of CT regarding membrane normal. The isoprenoid tail is mostly extended and in contact with lipid acyl chains up to about the sixth isoprenoid unit. Given the polar head localization discussed above, ubiquinones span the membrane similar to a POPC molecule. For UQ6 and longer ubiquinones, the tail length is longer than the POPC acyl chain. CT interdigitates over the two bilayer leaflets and it is preferentially localized in the leaflet opposed to its head. For UQ10, the four terminal isoprenoid units have increasingly higher flexibility. In fact, the terminal CT in UQ10 equally samples the whole apolar region of both membrane leaflets (Fig. S4) . This is contrary to previous suggestions that the isoprenoid tail would fold over itself [22, 19] and suggests that no aggregation or clustering of ubiquinones inside the lipid bilayer should be observed in the concentration range studied here (~2% per mol) [66] . It should be noted that the distribution of z-axis position of the terminal carbon in POPC (both chains, data not shown) is about an order of magnitude less broad than observed here for ubiquinone CT. The higher flexibility in the ubiquinone tail might be related to its higher diffusion rates (Section 3.4) [19] and may also facilitate binding into the narrow NADH:ubiquinone reductase ubiquinone chamber.
The equilibrium ubiquinone head orientation is indicated in Fig. 7C . For all ubiquinones studied (UQ1 up to UQ10), the quinone head is oriented normal to the membrane, forming an angle of~90°with the midplane. The angle distribution is rather sharp, with fluctuations smaller than 30°in the time scale of the unconstrained MD simulations. Atoms C5 and C6 of the ubiquinone ring point to the center of the bilayer and atoms C1-C4 point towards the solution phase as expected from the more hydrophilic groups attached to the last centers (Fig. 8) . Thus, the ubiquinone orientation when bound to the membrane does not change with increased isoprenoid tail length. When the quinone head is inserted into the low-packing bilayer center (z~0 nm) as well as when it is free in solution (z N 4.0 nm) during the US simulations the whole orientation space is sampled and ubiquinone head tumbles almost freely (Fig. S4) .
Since ubiquinones have been suggested to order lipid membranes [9] , we have computed carbon-hydrogen order parameters S CD for sn − 1 and sn−2 chains of POPC for simulations of ubiquinone-free bilayers and for bilayers containing ubiquinones of different isoprenoid chain length. While average S CD order parameters show small shifts for ubiquinone containing bilayers, there was a significant change in order parameters of POPC molecules approximately in the first ubiquinone lipid shell (within 0.7-0.8 nm) as shown in Fig. 9 . Acyl chain ordering upon ubiquinone addition observed in fluorescence anisotropy measurements [9] was more pronounced for short tail homologs. This is again in agreement with our simulation results.
Ubiquinone and ubiquinol oxygens were highly hydrated when partitioned into the membrane as shown in Fig. 10 . This is due to the interfacial localization of the quinone head and to the bilayer protrusion (Fig. 6 ). Ubiquinone oxygens, both ketonic and methoxyl (Figs. 10A and S6A) have a first solvation layer formed by water and lipid choline groups. Glycerols have also significant contribution to the first interaction layer, while phosphate groups were farther away. This is again in agreement with previous suggestions from experimental studies [12] [13] [14] [15] .
Ubiquinol showed a very similar interaction pattern for methoxyl oxygens (Fig. S6B) , while hydroxyl oxygens show a perturbed pattern in comparison to the quinone oxygens (Fig. 10B) . These hydroxyl oxygens have sharper interactions with the water solvent and with the lipid phosphate group because of the donation of hydrogen bonds. H1 and H4 establish bonds with lipid phosphate groups (Fig. 8D ) and water molecules (Fig. 8C) for half of the simulation time. In approximately the other half of the simulation, intramolecular bonds are formed between H1 (H4) and O2 (O3). When located inside the bilayer, the intramolecular hydrogen bonds are prevailing. However, it should be noted that all these hydrogen bonds break and form quickly with an average life time of 1 ns.
The intramolecular hydrogen bonds in UQ1H2 can also be analyzed from the respective C1-O1 (or C4-O4) bond torsions (Fig. 11) . The energy minimum of the force-field calculated in vacuum found at~0°is normally populated in solution as it corresponds to the intramolecular hydrogen bond H1-O2 and H4-O3. The second energy minimum at ± 180°is not populated in solution or in the membrane, as water or any H-bond acceptor (such as the lipid phosphate, Fig. 8 ) is hindered by HM5 or H7 and no hydrogen bond can be established for this configuration. The intermolecular acceptors bind to UQ1H2 hydrogens when this torsion is ±60°, resulting in a broad distribution for C1-O1 (or C4-O4) bond torsions in the [−90°,90°] range.
Rotamers of the methoxide groups with angles of ±70°for torsion of bonds C2-O2 and C3-O3 are more populated in condensed phase than expected from their force-field energy profiles (Fig. 11B) . As described above, O2 and O3 are available as H-bond acceptors preferentially for these dihedral angles ( Fig. 8A and B) [29] . The region around 0°is less populated as these configurations partially block hydrogen bonding to O1/O4. In the bilayer interior, where no H-bond donors are available, bond torsion distributions are closer to what is expected from the force-field profile (Fig. S5A) .
Distributions of non-polar bond torsions are not changed from the corresponding torsion potentials, as shown in Fig. 11C and D for the C6-C7 and C9-C11 bonds in the isoprenoid tail. It should be noted that transitions over the high energy barriers around bond C6-C7 were observed during the unconstrained MD simulation time scale (200 ns).
Ubiquinone mobility and diffusion over the membrane
The dynamics of ubiquinone embedded in the bilayer was investigated by the self part of van Hove correlation function, G s (r, Δt) [71, 72] . This function gives the probability for a particle to show position displacements (r) in Δt time intervals. The van Hove distributions for POPC at 0.01 ns and longer times are gaussian-shaped as shown in Fig. 12 . This is expected for a simple diffusion mechanism and is in agreement with a fast characteristic relaxation time (b10 ps) for lipids in liquid crystalline phase [73, 74] . In this regime, the mean square displacement has a linear dependence with respect to time (x 2 (t) ∝ t).
The same behavior is observed for ubiquinone and ubiquinol, but relaxation times are shorter and higher displacements are observed in the same timescale.
In contrast to what is observed for the pure POPC lipid, linearity of squared-displacement x 2 (t) with time is lost for ubiquinones at times longer than 25 ns, already observed from the non-gaussian shape of the t = 10 ns curve for UQ6 (Fig. 12B) . It may be attributed to a slow relaxation process of the lipid polar group and water solvating ubiquinone at the bilayer interface. Table 2 shows lateral diffusion coefficients D calculated from the Einstein relation:
Similar values (not shown) were calculated from fitting the self part of van Hove correlation function to a gaussian function (whereas G s (r, Δt) = (r/2DΔt)exp[−r 2 /4DΔt]) [75] . Calculated lateral diffusion constants are about the same for all ubiquinones (UQ1-UQ10). But, diffusion is three times faster for ubiquinol (UQ1H2). The value calculated for POPC diffusion is in between. This result suggests that the polar region in amphipathic molecules is the major determinant of their diffusion dynamics. The calculated results should be compared to diffusion coefficients obtained from experiments that probe similar molecular scales. Thus, given the simulated time (ns) and length (nm) scales, methods such as fluorescence collisional quenching and NMR relaxation are the most appropriate for comparisons [22, 19] . As shown in Table 2 , these methods give experimental diffusion constants that vary up to one order of magnitude (2.6-25 10 −7 cm 2 s −1
) for different ubiquinones and membrane preparations. Results from other methods such as fluorescence recovery after photo-bleaching probe rather different length scales (μm) and yield slower diffusion constants in the order of 10 −8 to 10 −9 cm 2 s − 1 [17, 21] . Thus, we conclude that results for the calculated diffusion constants are in the same order of magnitude to experimental measurements for both POPC pure lipid bilayers [76] and for ubiquinone embedded in the bilayer [18] .
Conclusions
An accurate energy model of ubiquinone is crucial to describe its conformational flexibility and interfacial behavior. Here, we have parametrized a CHARMM compatible force-field for ubiquinone with special attention to group polarity and torsional barriers involving the isoprenoid tail. The description of water interactions with the ubiquinone polar head was also significantly improved. The proposed forcefield and simulation model were validated against experimental data and important insight on the ubiquinone interfacial behavior was obtained by computing free energies for a series of homologs. The convergence of PMFs for long amphiphiles such as ubiquinones interacting with lipid bilayers was tackled by two enhanced sampling methods, umbrella sampling and bias-exchange metadynamics.
We performed a detailed analysis of ubiquinone interaction within the lipid bilayer by addressing structural and dynamical properties. Results are in line with previous experimental studies [11] [12] [13] [14] [15] and support the proposal that ubiquinone head is localized in the interfacial region near the lipid glycerol groups and is highly hydrated due to membrane protrusion. The head plane displays a normal orientation with respect to the membrane midplane direction. Isoprenyl tails are extended and packed with the lipid acyl chains. In long tail homologs such as UQ6 and UQ10, the isoprenoid chain interdigitates across the bilayer and its terminal isoprenoid units have high flexibility. The internal torsions of ubiquinone are modulated by the condensed phase. In particular, ubiquinol hydrogen bonds to the lipid phosphate group, to water and intermolecularly to its methoxide oxygens. It was also found that the diffusion rate of various ubiquinones embedded in a bilayer is similar to that of POPC lipids.
Notably the equilibrium position of ubiquinone head along the bilayer normal z-axis is coincident with the modulus of the average position of ubiquinone redox sites in cytochrome bc 1 and with the entrance of the binding site in NADH:ubiquinone reductase. Given the rather small changes observed here for polar head localization and orientation, and dynamics for ubiquinones with different isoprenoid tail lengths, we can also speculate that, in the complex lipid mixtures observed in bacterial or mitochondrial membranes -which lack cholesterol in their content, changes in bilayer acyl lipid composition will result in small perturbations to the ubiquinone partition and dynamics observed here.
The energy model and molecular dynamics simulations presented here for several ubiquinone homologs provide important insights on their behavior when embedded in a lipid bilayer. These results constitute a benchmark to studies of the transport and complexation mechanisms of this universal charge carrier with proteins involved in cellular respiration and photosynthesis.
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